The SuperOx and SuperOx Japan LLC companies were founded with the goal of developing a cost-effective technology for second generation HTS (2G HTS) tapes by utilizing a combination of the most advanced chemical and physical deposition techniques, together with implementing original tape architectures. In this paper we present a brief overview of our production and experimental facilities and recent results of 2G HTS tape fabrication, and describe the first tests of the tapes in model cables for AC and DC power application.
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Introduction
Second generation high temperature superconducting (2G HTS) tapes are one of the most rapidly developing branches of superconducting materials. Recently 2G HTS tapes were successfully used for various projects such as the Eccoflow 24 kV/1 kA fault current limiter [1], a 275 kV/3 kA power cable [2] , high field magnet inserts with a record field in excess of 35 T [3] , stacks of tapes with a trapped field up to 2 T [4] and other important applications. 2G HTS tape is the product of high technology processes. The tape is usually fabricated in a number of steps using complex equipment. The reliability and reproducibility of these processes are crucial for the manufacturing of the long length tapes needed for most applications. The major task of SuperOx is to develop the most effective, reliable and inexpensive pathways towards 2G HTS, in order to make it possible to implement superconductor technologies more widely. The first approach developed at our company, founded in 2006, is based on a combination of long length electropolished NiCrW rolled-annealed biaxially textured substrate (RABiTS) substrates with metal-organic chemical vapour deposition (MOCVD) , and it has resulted in critical currents of all-MOCVD architecture up to 150 A per 1 cm width [5] . Through the establishment of SuperOx Japan LLC in 2011, we enriched the range of processing methods available to us with RF and DC magnetron sputtering, including ion beam assisted deposition (IBAD) and pulsed laser deposition (PLD) methods.. To complete the technological cycle, both companies work in close collaboration on several topics including electropolishing and solution deposition planarization (SDP) of Hastelloy tapes, silver deposition, copper electroplating, lamination and measurements of critical current by transport and inductive techniques, etc.
Experimental details
The process for fabricating 2G HTS tapes developed at SuperOx is based on Hastelloy C276 tapes. We used coldrolled Hastelloy tapes, 12 mm wide and 70 and 100 µm thick, of two types: tapes of one type were annealed after cold rolling (which we designate as 'cold-rolled + annealed' in this paper), while tapes of the other type did not undergo an anneal after cold rolling ('cold-rolled').
Our reel-to-reel electropolishing system is equipped with the standard bipolar electrode assembly with a sulfuric + phosphoric acid-based electrolyte. The polishing bath is followed by a water rinse bath and an air drying module. Our pilot scale electropolishing equipment produces 60-100 µm thick substrates with RMS surface roughness below 1 nm at a processing speed of 25 m h −1 , with the capability to upgrade it to 100 m h −1 .
As an alternative way electropolishing Hastelloy substrate we have been developing a solution deposition planarization (SDP) process. The starting materials for SDP were of ACS grade, purchased from Aldrich. Yttrium acetate (Y(Acet) 3 ) with an equimolar quantity of diethylenetriamine (DETA) was dissolved in isopropanol at room temperature to form 0.2 and 0.08 M solutions. In an earlier study we found the solution with this combination of components to produce smooth, crack-free Y 2 O 3 films [6] . Hastelloy C276 tapes 12 mm wide and 1-50 m long were planarized in a reel-to-reel dip coating system with 10 solution baths, each bath followed by a tube furnace for solution drying at 100 • C and another tube furnace for precursor decomposition at 500 • C. The tape motion speed was varied in the range 7-18 m h −1 . The first five dip coating solution baths contained the 0.2 M solution, and the remaining five baths contained the 0.08 M solution. Matias et al showed that deposition from a higher molarity solution followed by deposition from a lower molarity solution was beneficial for attaining smoother planarizing layers [7] , and in our preliminary experiments we verified this approach to be effective with the Y(Acet) 3 -isopropanol-DETA solution.
The Al 2 O 3 , LaMnO 3 (LMO) and MgO layers were deposited in the same vacuum chamber using a 2 kW RF magnetron source and corresponding ceramic targets. The magnetron system is equipped with a heater for deposition at elevated temperatures, an ion source to assist the growth of biaxially aligned IBAD-MgO thin films and also with a quartz crystal monitor for measuring the deposition rate and a reflected high energy electron diffraction (RHEED) system for evaluating the orientation of the MgO layer. In a typical experiment, the aluminium oxide deposition process is carried out at room temperature under 0.3 Pa Ar pressure and using 2 kW RF magnetron power. The LMO layer is formed at 700-900 • C, 0.5 Pa (up to 5% O 2 ) using 0.7 kW RF source power. MgO is deposited at room temperature with the Ar+ assisting beam with a typical ratio of MgO/Ar + of 5, which is achieved by controlling the deposition rate and the IBAD current [8] .
The deposition of the CeO 2 cap layer and the GdBCO superconductor layer was carried out in a dual chamber PLD system with a 130 W LEAP excimer laser operating at a repetition rate of 100-200 Hz with a pulse energy of 500-650 mJ. Various chemical compositions of the PLD targets such as rare earth-doped CeO 2 and off-stoichiometric GdBCO were tested. Deposition experiments were performed at an oxygen partial pressure of 10-60 Pa in the temperature range of 600-850 • C. The CeO 2 thickness varied from 150 to 500 nm for the tape motion speed of 30-100 m h −1 . GdBCO superconductor layers with a thickness of 1-2 µm were deposited at a processing speed of 15-30 m h −1 .
Results and discussion
Development of buffer layer architecture
A typical example of the 2G HTS tape architecture developed at SuperOx is shown in figure 1. In this context the term 'architecture' implies the sequence of the oxide layers and the combination of associated fabrication processes based on physical and chemical deposition methods. The relatively complex sequence of oxide buffer layers between the Hastelloy substrate and the superconducting material serves two main purposes: (1) buffer layers act as a diffusion barrier to prevent contamination of the superconducting material by the metals from the substrate alloy and/or the lower buffer oxides; (2) buffer oxides initiate and translate the biaxial texture required for the formation of highly textured superconducting layers to achieve the best functional properties.
In the first stage of our experimental effort, which was aimed at optimizing the PLD-HTS growth conditions, we relied on the conventional sequence of oxide buffer layers [9, 10] because it allowed little flexibility in using our manufacturing equipment, where we could interchangeably use PLD and RF magnetron sputtering only for the deposition of the LMO layer. In addition, we saw some irreproducibility in the performance of the homoepi-MgO/IBAD-MgO block, which we attributed to etching of the very thin Y 2 O 3 layer by the assisting argon ion beam during the IBAD-MgO step and crystallization processes in the room-temperature-deposited Al 2 O 3 , Y 2 O 3 and IBAD-MgO layers during the deposition of the homoepi-MgO layer at 500-800 • C. These facts prompted us to look for additional simplification and improvements of the oxide buffer architecture.
We made the LMO/IBAD-MgO/LMO block the key building block of our simplified architecture. Both LMO layers were deposited at high temperature under identical conditions, which prevented crystallization processes in the bed layers after the IBAD-MgO step. The LMO layer could be deposited in the RF magnetron sputtering system as well as in the dual chamber PLD system, which allowed us to synchronize the deposition speed and equipment operation time in a rather flexible way and made it possible to utilize either of the systems for simultaneous deposition of LMO onto the Hastelloy and IBAD-MgO/LMO/Hastelloy tapes.
However, LMO is a relatively poor barrier for Ni diffusion from Hastelloy, and in order to ensure satisfactory biaxial texture of the IBAD-MgO layer a much thicker (about 200 nm thick) first LMO layer is required. The deposition of such a thick LMO bed layer would increase the overall cost and decrease the production speed of the buffer tape. Therefore, we decided to utilize Hastelloy tapes with either an Y 2 O 3 layer fabricated by the SDP process or an Al 2 O 3 layer fabricated by RF magnetron sputtering. In both cases we could maintain a symmetric LMO/MgO/LMO block with the LMO layer as thin as 15-50 nm. It should be emphasized that the addition of the Al 2 O 3 deposition step by high rate reactive RF magnetron sputtering is totally compensated by the reduced LMO deposition time. Possible oxygen deficiency in the as-deposited AlO x film is adjusted during the subsequent high temperature deposition of LMO in an oxidizing atmosphere.
The LMO/IBAD-MgO/LMO/Al 2 O 3 (or SDP-Y 2 O 3 )/ Hastelloy buffer architecture can be used for HTS layer growth by the PLD process. However, the degree of biaxial texture of the top LMO layer is not sufficient to provide superconducting critical currents above 200 A. This problem can be resolved in three different ways: (1) a substantial increase of the top LMO layer thickness; (2) introduction of an intermediate homoepi-MgO layer, and (3) deposition of a cap CeO 2 layer onto the LMO layer. The third option has obvious technological advantages: since CeO 2 is less expensive than LMO, it can be deposited by PLD with high deposition rates, and CeO 2 is stable in the ambient environment, so it can protect the LMO layer from degradation.
All results discussed in this paper were achieved using the CeO 2 /LaMnO 3 /IBAD-MgO/LaMnO 3 /Al 2 O 3 (or SDP-Y 2 O 3 )/Hastelloy buffer architecture.
Substrate surface preparation
The required surface smoothness of the Hastelloy substrate tapes was achieved by either electropolishing or solution deposition planarization (SDP).
3.2.1. Electropolishing. Interestingly, despite its significantly lower original roughness, the cold-rolled substrate appeared much less prone to surface smoothing during electropolishing than the cold-rolled + annealed substrate (table 1) . Such a difference in the behaviour of the two materials under the electropolishing conditions may be due to their different postrolling annealing histories. The superconducting properties of the full 2G HTS tape architecture were quite consistent with the roughness values of the electropolished substrates, with I c (77 K, s.f.) of up to 500 A on the cold-rolled + annealed substrate and below 200 A on the cold-rolled substrate (table 1) . Therefore, we decided to use the cold-rolled + annealed Hastelloy C276 substrate tapes in our production process.
Solution deposition planarization.
Cross-sectional SEM and TEM images showed the formation of 300-500 nm thick SDP-Y 2 O 3 layers, depending on the tape motion speed, since at higher speed the tape captures more precursor solution from the bath resulting in a thicker oxide layer. We found that yttrium oxide was nanocrystalline, with a particle size of 10-15 nm directly observed in TEM images and calculated from XRD data. Figure 2 illustrates the smoothing effect of the SDP-Y 2 O 3 layer, which reduced the RMS surface roughness of the bare Hastelloy tape from 16 nm (5 µm × 5 µm AFM scan) and 22 nm (40 µm × 40 µm micron AFM scan) down to 1 nm and 4.5 nm, respectively. In contrast to the results after electropolishing, there was no significant difference in the roughness of the cold-rolled + annealed and cold-rolled tapes after planarization (table 1) . Understandably, slightly smoother surfaces were obtained in the SDP-Y 2 O 3 layers on the originally smoother substrate. That difference (1 nm on cold-rolled + annealed versus 0.6 nm on cold-rolled), however, was not nearly as strong as the difference in the RMS values for the original Hastelloy tapes (16 nm versus 5 nm). This result has demonstrated again the more generic nature of the SDP process, which is capable of planarizing surfaces regardless of their initial roughness and/or pre-treatment history. We deposited our standard buffer layer architecture presented in figure 1 on top of the SDP tapes and demonstrated high superconducting critical currents up to 350 A in the PLD-GdBCO films, with similar results achieved on coldrolled + annealed and cold-rolled substrate tapes (figure 3). Thus, using the non-vacuum SDP step we can simplify our processing by eliminating the electropolishing and Al 2 O 3 sputtering steps and we are working to upscale this approach for the production of long tapes.
Buffer layer deposition by magnetron sputtering
At present, our technology is based on substrate surface preparation by electropolishing followed by magnetron sputtering deposition of the buffer architecture. It should be stressed here that figure 1 reflects just one of the few alternative sequences of layers that we currently use for the fabrication of 2G HTS tape. The flexibility of our production equipment and possible combinations of the deposition modules allow the stacking of different crystalline materials with appropriate lattice parameters to make various buffer architectures suitable for the PLD-HTS process. We have already described our general ideas behind the buffer architecture design in section 3.1. Although they permit us to construct buffer architectures with a wide variety of combinations of oxides, they also impose limitations set by the ultimate goal of overall technological efficiency.
XRD data in figure 4(a) show that the as-deposited Al 2 O 3 barrier layer is amorphous and only the reflections of the substrate alloy can be found. The deposition of the first LMO layer at high temperature resulted in a polycrystalline LMO film as evidenced by the appearance of the strongest (110) peak of this phase ( figure 4(b) ). The use of polycrystalline LMO as a seed layer for IBAD-MgO helped us simplify our fabrication technology by reducing both the number of chemical species involved and the number of deposition recipes. In addition, it allowed us to synchronize different stages of the buffer tape preparation in a more flexible way. The MgO layer with a high degree of texturing on top of the Al 2 O 3 barrier and the LMO seed layers was formed by magnetron sputtering with IBAD. Although the combination of magnetron sputtering with IBAD remains a particularly challenging technique, it shows a lot of promise due to its low cost and multipurpose nature. The obtained texture of the IBAD-MgO layer (see the RHEED pattern in figure 4(c) ) was further enhanced in the subsequent heteroepitaxial LMO layer deposited by magnetron sputtering ( figure 4(d) ). We would like to note that in the developed process we omit completely the deposition of the homoepitaxial MgO layer on top of the IBAD-MgO layer, unlike in some other commercially adopted processes for 2G HTS tapes. Despite this simplification of the tape architecture, we could maintain the high degree of texture of the LMO layer and excellent superconducting properties of the produced 2G HTS tapes. Subsequent deposition of the CeO 2 cap layer by the PLD process accomplished the formation of a highly oriented oxide buffer architecture ( figure 4(e) ).
Pulsed laser deposition of CeO 2 and GdBCO
Pulsed laser deposition has proved to be a very powerful and effective method for fabricating high performance 2G HTS tapes. Several companies such as Fujikura, Sumitomo and Bruker and institutions such as ISTEC and Shanghai University have been developing approaches for scaling-up the PLD technique for HTS layer growth. So far the main obstacle for wide implementation of the PLD technology has been the high price of industrial lasers and vacuum chambers. The efficiency of laser time and power utilization was also not sufficient. For instance, in the conventional 'one laser-one chamber' design, the effective laser utilization time is limited to a mere few hours per day due to the time needed for chamber cleaning and maintenance, evacuation, heating and cooling. The 'two lasers-one chamber' design may result in an increased deposition rate and throughput; however, the economic advantages of this approach are not obvious.
The SuperOx approach to cost-effective industrial use of PLD is based on the 'one laser-two chambers' design. A combination of a recent model of the LEAP (Coherent) industrial excimer laser delivering the up-to-date best 'price/pulse' ratio with two PLD chambers (AOV Co., Ltd.) gives us the option of switching the laser beam from one chamber to another and thus maximizing the efficiency of laser power utilization. The two chambers share a common optical line, power supply and control units, which reduces sufficiently the capital expenses for the construction of the whole PLD system. A general view of our dual chamber PLD system is shown in figure 5 . At present we use chamber PLD A for the deposition of oxide buffer layers and chamber PLD B for the HTS layer deposition.
By utilizing a multiple target system we tried the deposition of several oxide layers in chamber PLD A and succeeded in making high quality homoepi-MgO, LMO and CeO 2 films at a high processing speed up to 100 m h −1 . The possibility of fabricating several buffer layers in either of our two deposition systems, namely the RF magnetron sputtering and the dual chamber PLD systems, increases the flexibility and reduces the operational risks of our manufacturing facilities.
In our routine production process, we use chamber PLD A for the deposition of the CeO 2 cap layer, which completes the formation of the highly oriented oxide buffer architecture ( figure 4(e) ). Reproducible high rate deposition of high quality CeO 2 layers is one of the key, and at the same time limiting, factors in the fabrication of high J c superconducting films. In order to reliably produce HTS layers with a critical current density exceeding 3 MA cm −2 , we require a buffer template capped with the CeO 2 layer with a high degree of out-of-plane and in-plane alignment. We found that rare earth doping and, in particular Gd-doping, was very efficient in suppressing the formation of the (111)-oriented CeO 2 grains and made the processing window for the deposition of the (100)-oriented CeO 2 with a high degree of out-of-plane and in-plane texture ( < 2 • and ϕ of 5 • -7 • ) very wide and less sensitive to variations of laser beam energy, temperature, oxygen partial pressure, substrate to target distance and plume shape (see figure 6 ). The positive effect of rare earth doping on the epitaxial growth of (100) CeO 2 has been reported before for films obtained by the MOD [11] and MOCVD [12] techniques, therefore we can consider rare earth doping to be a rather typical way to improve the quality of CeO 2 cap layers. By combining the approaches described above we succeeded in demonstrating a commercial level of superconducting critical current I c of 300-500 A cm −1 for a tape length of several tens of metres within a few months after the installation of our equipment.
To further advance the performance of our 2G HTS tapes to longer lengths and higher currents, we performed optimization of the buffer layer thickness and processing parameters of the GdBCO films using a linear combinatorial approach, taking advantage of the reel-to-reel motion of samples in our experiments [13] . A typical example of the critical current distribution over length in a combinatorial sample obtained with varied processing temperatures and thicknesses of Al 2 O 3 and LMO buffer layers is shown in figure 7 . In general, the thicker buffer layers are more favourable for the deposition of high I c HTS films, although synchronization of all deposition steps is required in the actual manufacturing process and a certain balance between I c , the thickness of the buffer and HTS layers and the processing speed should be found.
At the present stage of our development, the optimal average processing speed for all fabrication steps is in the range of 20-30 m h −1 ; at this speed we can produce 100 m long pieces of 12 mm wide, 300 A-class 2G HTS tape. An example of current distribution in our typical production 2G HTS tape is presented in figure 8 . The longest tapes made to date have been about 200-250 m long, with a minimum I c value of 200-250 A/12 mm, resulting in an I c L value of about 50 000 A m. We have reached the higher I c value of 400-500 A/12 mm by reducing the average processing speed to 12-15 m h −1 . By slitting 12 mm wide tapes we obtained 4 mm wide tapes with a critical current of 80-120 A/4 mm. Our early production 80 A-class and recent production 120 A-class 4 mm tapes were successfully tested in model HTS cables.
Tests of HTS cables
The SuperOx 2G HTS tapes were tested at several independent institutions and were provided for the construction of model HTS devices, namely cables [14] , a fault current limiter, magnetic shielding, magnetic levitation bearing [15] , current leads and magnets. The majority of these HTS devices have been built at the time this paper was submitted.
In particular, two model HTS cable cores, up to 4 m long, using our 80 A-class and 120 A-class 4 mm wide tapes were recently constructed and tested at the leading Russian Cable Institute (VNIIKP). Details of the cable design, assembly and tests will be described in a separate publication [14] . Briefly, the cable cores contained two layers of 18 SuperOx 2G HTS tapes per layer counter-wound around a 25 mm stainless steel former and insulated with Kapton tape. VNIIKP has built a number of model cables of this design using HTS tapes from various suppliers [16] [17] [18] . The design of this model cable is close to an element of a HTS transmission line cable.
At VNIIKP there is an extensive testing facility for HTS cable models with lengths up to 5 m. The test programme includes critical current measurements, current distribution measurements among layers under both DC and AC conditions, AC loss measurements and other types of tests [16] [17] [18] .
In figure 9 the results of critical current measurements are shown for the inner and outer layers of the two cables. For the In figure 10 the results of AC loss measurements are shown and a comparison is provided with the data measured earlier for similar cable models made with the SuperPower 2G HTS tapes [16] . One can see that the AC losses are typical for 2G HTS tapes based on non-magnetic substrate. An AC loss value of ∼1 W m −1 was achieved at a current of ∼0.9I c , while for the cables made with 1 G HTS tapes with similar I c the same AC loss value was achieved at a current of ∼0.3I c [16] . This allows for 2G HTS cables to be operated at currents close to the I c level with low AC losses.
Summary
At SuperOx and SuperOx Japan, LLC we have been developing a combination of cost-effective chemical and physical deposition technologies for economical production of 2G HTS tape. At present our production is based on electropolishing of Hastelloy tapes, IBAD-MgO texturing, magnetron sputtering of the buffer layers and PLD of the HTS layer. Our recent production 2G HTS tapes consistently demonstrate the performance of over 300 A in 12 mm wide tape and over 100 A in 4 mm wide tape, in over 50 m single piece lengths. A scale up of more economical, simplified architecture based on the solution deposition planarization process is on the way. The projected annual production capacity of our pilot scale facilities is approximately 100 km of 12 mm wide tape. By combining physical and chemical approaches, simplifying the tape architecture, reducing the materials cost (metal tapes and ceramic targets) and increasing the material utilization and processing yield, we are trying to achieve the company's midterm goal-the development of an economically feasible manufacturing process of 2G HTS tapes with an annual production capacity of several hundred kilometres, and thus to achieve a competitive market price for our 2G HTS tape.
Two model cable cores using the SuperOx 2G HTS were fabricated and tested at the Russian Cable Institute (VNIIKP). The cable tests showed high critical current and good AC properties of the cables, similar or superior to the properties of analogous cables made with other 2G HTS tapes available on the market.
